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Chapter I
INTRODUCTION

The use of anisotropic dielectric materials to achieve
mutual capacitance was first proposed by C., P, Gadsden (1963,a,b),
A physlcal realization termed the anisotropy transformer was
described and an open—circuit voltage gain was predicted but
not realized experimentally (Loh, 1963),

In the 1nvestigation reported here, a generalized theo-
retical analysis of the anisotropy transformer and similar
devices 1ls developed. A transformeanalog technique for the
determination of optimum physical conflgurations for realization
of mutual capacitance and voltage gain and for the determination
of equivalent-circuit parameters is employed, The open=circuit
voltage gain of the anlsotropy transformer is shown to have an
upper limit of unity under linear operation conditions and this
demonstration 1s extended to include the general class of such
devices,

Since a linear-mode gain greater than unity 1s impossible,
the non~linear properties of multi~-terminal dielectric materials
(specifically Rochelle salt) and their application as nonlinear
elements in dielectric amplifier configurations is investigated,
The use of Rochelle salt as a nonlinear element proves to be im-
practical and feasibility of nonlinear anisotropic coupling

techniques in other oriented ferroelectric crystals 1s found to

(2)
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depend on poorly understood aspects of the macroscopic consequences

of the mechanism of polarization reversal.
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Chapter IT
LINEAR ANISOTROPIC COUPLING

Coordinate Transformations

In an anisotropiec dielectric the relation between the dis=-

placement vector and the electric field intensity 1is

Dic, E+F=%E (1)
where P is the polarization and & a second rank permittivity ten-
sor, Equation (1) is not valid in materials exhlblting a sponta-
neous polarization, In Cartesian coordinates, for the case in
which only one of the coordinate axes coincides with a principal
axis of the permittivity tensor and the displacement vector is
constant along that axis, the resultant two-dimensional equations

are

D1} _ ®11 c10 1
LDam Efl2 €50 _E2~ 0 (2)
In the absence of free charge, V » D = 0, Therefore

e (€1-Eq+ €79E») + e (e9-oEq+ Er) = 0, ‘
Ty Cf1ifit e12F2) b oons (e1pE1+ €p2Ep (3)
But . E = = v¢ o (’4)
Hence . 2 2 2
1t Zelavxi?;. + 5223 ¢2
_-2- gyl
90Xy 1d&o 3Xo (5)

C4)




The cross term in Equation (5) can be eliminated by the trans-

formation
rk cos © sin © x?!
o . . : (6)
sz = -sin cos x5
a special case of the general transformation
EXJ = [:T] [xi]o (7)

I1f Equation (6) 1s valid, components of D and E transform in the
same way and this fact is used to determline the transformation law
for the permittivity tensor coefficient matrix €, It is required

that

(ol = (7] [p'],

(] = [T] [E*], (8)
If the primed coordinate axes colnclde with the principal axes of

€y

(D*] = [e"] [E*] (9)
and ¢' is diagonal,

From Equations (8) and (2)

[p*] = [T1°Y [e] [ED. (10)

Therefore

[D*] = [T3"% [e] [T] CE'D. (11)
Comparison of Equations (11) and (9) indicates that

[er] = (1170 [el LTI, (12)
While D and E obey the same transformation law in an ortho-
gonal transformatlion, this is not always true in a transformation
which does not prescrve orfhagonality.  For exemple, in a

transformation invelving no rotation, but only a confraction




of one coordinate axis in a two-dimensional anisotropic
medium, E obeys the same transformation law as the coordinates.

The components of D, however, are functions of both components

of E in the untransformed system and therefore the transform for

U will not be the same as for E. PFor such a two-dimensional case,
it is shown in Appendix B that the permittivity transform can not
be of the same form as Equation (l2), This result indicates that

a spatial transform (instead of a change of coordinates in the same
space) 1s required to transform the anisotropic problem into an
lsotropic problem,

Application of transformation (6) reduces Equation (5) to

[} 32 + gt az = Q, 1
f11 8 el 3;2- (13)
l A

The spatlal transform (derived in Appendix A) required to reduce

v13) to an ordinary differential equation 1is

3 fa\E |
‘fzz; (14)
= / "
ell 1
X} 0 Q?—> Tl x5
2 B 22/ | ||

This transformation which may be interpreted as a strain (Nye,

1957) reduces Equation (13) to Laplace's equation

1 1
z 2 H 2
(e11652) S5t (efqely) = 0o (15)
1 1

While there are an infinite number of transformations which reduce
Equation (13) to Laplace'’s equation, (14) has the unique property

that it preserves the differential element of area,




Boundary Modifications

Transformations (6) and (14) have modified the boundary con-
ditions applicable.to the solution of Equation (5) in a bounded
ra medium. The modified boundary conditions will be obtalned for
the case of a rectangular anisotropic medium bounded by an iso-
troplc medium as shown in Figure 1, In the unprimed coordinate

system, the coordinates of points A, B, and C are

SR

(L
B: {7 . 2)
j Cs 7, ;) (16)

In the primed coordinate system the coordinates are

W ecos 6= L gin o Wsin o + L cog ©
Ag é . '2‘

B Weos 86 +L sin © W sin © -~ L cos ©
“' 2 2

]

e (}w cos @ =« L sin 6 «W sin 06 + L ¢cos ©
) : 2 ’ 2 (17)

Using Equation (14) the coordinates in the double-primed system

are found to be

1 —_
TWsino + L cos o E
2 ‘

t

2 ’ v

i 1
[‘22\ TWeos ® =L sin o (511
A:

11 €22

q 1

0' l
(‘22 TWecos o+ Lsine (11 \F Wsin @ « L cos 0:}
B _ 2 7 2
Fl1 ' lean |




Figure | - Coordinate - Axis Designation
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o s e ]
22) T W cos o - Lsinoe [ 11| T =W sin 0 + L cos
C: # 2 § 2
‘11 "\ %22 JU
(18)
- From Figure 1 and Equation (18)
ez a = ¢ + ¢
‘ 7 1
-1 1222\ ?
Yy = tan ! tan ©
N1
P 1
«1 |f%22\ T ‘ ‘
¢ = tan e cot © (19)
1
In the transformed space the dimensions L" and W" are
7
I (eil sinZe + 552 cos? o)
%
» '
(eq3 Eéz)
i
x ] 2 9 2 2
o (ell cos® 0 + ¢,, sin? o)
' 1
g 13 )
(e1, e )T d (20)

Applications Of The Transformations

Gadsden constructed an anisotropy transformer from a rece
tangular ammonium dihydrogen phosphate (ADP) crystal cut in such
a way that one axis of the crystal coincided with one of the
principal axes of the permittivity tensor, The plane faces par-
allel to this axls were oriented at an angle of U45° with respect
) to the other principal axis of the permittivity tensor., As shown
in Figure 2, the coincident axes are taken to be in the X3 di-

rection. Under the assumption of constant potential in the X

3




Figure 2- The Anisotropy Transformer
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direction Equation (5) may be used to analyze this device, Since

@ is 45°, Equations (19) and (20) reduce to

' 1
ebo\ %

a = 2 tan-l [ »
&1

™ew . (21)

Gadsden described the anisotropy transformer with the
parameters Cl’ C2, and Ch according to the circult shown in Figure

3. The equations for this model are

+ C. V.. (22)

i ='Cmyl 2 2

1

The circuit model for the resistance=paper (teledeltos) analog
of this device 1s shown in Figure U and the corresponding circuit

equations are

I, =GV .+ GV
m

1 11 2 °

L= + a
I2 val G2V2 (23)

The similarity of Equations (22) and (23) establishes an analogy
between terminal measurements of capacitance on the ADP crystal
and terminal measurements of conductance on the teledeltos ana-
log, The expression for conductance as determined by measure-

ments for two parallei terminals of length L and separation W on

teledeltos 1is

= L
G = (24)

where y is the speclfic resistivity of the teledeltos, In the
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I Cm I2
® — \ ——— ®
Vi C T~ ™ Ca V2
® "

Figure 3- Anisotropy Circuit 1

L g

Figure 4- The Analog Circuit
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same coordinate system the expression for parallel plate capaci-

tance per unit X_-directed length is

3

c . 'L
unit length W, (25)

Equation (15) indicates that the permittivity to be used in the

1/2 . _
double-primed system is (eilc5% ", Equations (24) and (25]

establish the relation

T

¢ = (milﬂgz) G d (26)

where d is the X3 axis length, The conductances of Equation (23)

are determined by the ferminal measurements

1 V. 2= ? 2 V’" =
1 V2 ] 2 Vl 0
]
G 3 i[-g:% = i]; !
"o V= 0 \F i v, = 0, (27)

The values of Cl’ 02 and Cm computed from conductance measurements
on teledeltos paper (y = 2000 / unit square) are given in Table 1
(Pilkington and Roe, 1965) along with Gadsden‘s experimental

values for the ADP crystal shown in Figure 2.

Table 1., Comparison of Computed and Experimental Values

Cl C2 C Gain

Teledeltos 25.2 pF 60.1. pF 3.7 pF 0.53
Experimental 22,6 pF 7.9 pF 4,5 pF 0,5
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The teledeltos and experimental values are in reasonable agreement
considering that commericially aVailable teledeltos 1is inhomogeneous

and 15% to 20% anisotropic.

Optimum Configurations

Unfortunately the lumped parameter model of Figure 3 is
not well suited for a determination of the configuration giving
maximum gain or mutual capacitance because it does not completely
speclfy the device (it does not give the results of all possible
terminal measurements of capacitance) and is not easity related
to the structural characteristics of the device, A lumped-
parameter model which will represent any terminal measurements
of capacitance is shown in Figure 5, It is based on the physical
appearance of the teledeltos analog, The equality of certailn
interface capacitances as shown in Figure 5 1s dictated by the
symmetry of the crystal cut, This equivalent c¢ircuit is not
unique, For example_Cl3 could be replaced by a capacitor.czua
The decision as to which capacitance is to be used is determined
by terminal measurements on the actual device, If 013 1s chosen
and the capacitance from 2 to U4 1s actually the larger (or vice
versa) then 013 will be computed to be negative, While this in
no way affects the terminal characteristics of the model it
clearly discourages Interpretations of the circuit-model para-
meters in terms of the structural characteristics of the device,

The forward open=circuited voltage galn is, from Figure 5,

Vou _ Ca- Cp
Vi3 Cpt Cy
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o
Conductive Teledeltos
Paint Paper
8 V,

\V/
!
o
°
®
2
CA CB
C
3/ ||3 /\l
® \/ II \/
N Ca
4
o

Figure 5- Teledeltos Analog and Anisotropy Circuit.
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The reverse open~circult voltage gain is

S S I -

Tou  GF G5 20y >

By standard methods (Weinberg, 1962), the parameters of Figure 5
may be related to Gadsden's equivalent-circult parameters. These

relations are

- &
€; = 5 (Cp* Cp+ 2C3)

1
CE 5 CCA+ CB)

1
Cm = '5' (CA" CB) o (30)

Consideration of Figure 5 and Equations (30) indicates the sig-
nificance of a negative Cm’ If terminal measurements glve an
apparently negative Cm, an irrational cholce of reference
terminals at the output has been made (i.e., a cholce giving

a voltage rise from the reference at one termilnal pailr and a
voltage drop at the other).

Maximizing Cp maximizes the gain, This 1is equivalent to
maximizing C, and minimizing CBG From Figure 4, it is seen that
this may be accomplished by minimizing the angle a, For ‘il not
equal to ‘éz it can be deduced from Equations (19) that a © angle
of 45° gives the minimum o, Thus a 45°-cut crystal with a large
eil- 652 ratio should be chosen 1if the greatest mutual capacitance
and voltage galin are to be achieved, The upper limit of the for=

ward voltage gain is unity and 1s approached only in the limit as

‘il/‘ég approaches Infinity.
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Since the linear-mode gain was found to be limited to unity,

an investigation of the nonlinear properties of an anisotrople

dielectric (Rochelle salt) was undertaken,




Chapter I1II

O P TiE PR TR SR SR IR LR SRS
NI L IREETO RS NS A ARSI RS Y AL e lalalo

Many anisotropic materials used in the construction of
devices such as those described in Chapter II are found to exhibit
nonlinear dielectric properties., Materials which exhibit an
electrically-reversible spontaneous polarization and dielectric
hysteresis are termed ferroelectric, Flgure 6 is a plot of polar-
ization as a function of applied voltages on the ferrocelectric
axis of Rochelle salt (NaKCuHuOGvuﬂzo)a

Some of the compounds ferroelectric along a single crystal—
line axls are Rochelle (or Seignette) salt and the compounds XH2R
where X may be the potassium or ammonium groups and R the phosphate
or arsenate group. These materials are plezoelectric as are all
ferroelectrics., The members of the phosphate-arsenate group of
ferrcelectrics have Curie points below 200°K, The most widely
used ferroelectric, barium titanate, is ferroelectric along all
three crystalline axes (though not at the same temperature) and
is not available in large single crystals, Rochelle salt has an
upper Curie temperature of 255°K and is available in large single
crystals (Cady, 1964). Thus Rochelle salt is, insofar as device
fabrication and equipment requirements are concerned, the ferro-
electric crystal most easily studiled,

The interest in the polarization -E nonlinearity of these

(18)
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P

O.l xcoul/cmZ/div__

E
IO0O volts Zcm/div.

i

Temperature: O°

Frequency: 60 Hy

Figure 6 - Rochelle-Salt Hysteresis Curves, X~-Cut.
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materials lies in the fact that control of their dielectric cone
stants 1s possible, This possibility encourages the investigation
of the control of anisotropic coupling by the application of an

external signal,

Theories of Ferroelectricity

It is unfortunate that there is no theory of the ferro-
electric properties of Rochelle salt which allows the prediction
of dynamic terminal parameters, The similarity of the behavior
of Rochelle salt and the other ferroelectrics to ferromagnetic
materials let to an attempt to explain their behavior on the
basis of a theory modeled after the classical Langevin~Welss
theory of ferromagnetism, An elementary molecular model in which
H20 molecules formed rotating dipoles was developed (Jaynes, 1953),
However, the effect of piezoelectric interaction was not cone
gsidered in this theory. In addition, the structure of Rochelle
salt was, at that time, undetermined, Thus it was not possible
to specify the dipole interactions on which the theory was based,
More recent internal field theories of Rochelle salt have ine-
volved the motion of hydrogen bonds within the molecules (Jona
and Shirane, 1962) but as the structure determination is as yet
incomplete these theoretical models do not allow the calculation
of terminal parameters for arbitrary configurations. The
phenomenolegical thermodynamic treatment of Mueller (Cady, 1964)
allows the calculation of terminal parameters for z«cut crystals
with faces normal to the ferroelectric axis. While in principle
the effect of fields not parallel to the ferrcelectric axis

could be calculated, a number of difficulties are present.
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Mueller's theory is developed for fields parallel to the
ferroelectric axis, If the crystal is cut at an angle (other than
90°) with respect to this axis the partial differential equation
(5) of Chapter II must be solved with appropriate boundary con-
ditions to obtain the ferrcelectric-axis fleld, Moreover the
equation is nonlinear since the ferroelectric-axis dielectric
constant is field dependent, Kanzig (1957) has noted that "the
anlsotropy of some ferroelectrics is so high that the direction
of the spontaneous polarization cannot deviate much from the
ferroelectric axis." For Rochelle salt the méchanism for polar=
i1zatlon reversal is considered by Kédnzig to be a decrease and
reversal along the ferroelectric axis only. However, Mason (1950a)
indlcates that the off-axis dielectric constants for Rochelle salt
may be found by the rotation transformation which was diécussed
in Chapter II. .Any attempt to determine theoretically the effects
of fields not parallel to the ferroelectric axis would appear to
require a reformulation of Mueller‘’s theory as well as an in-
creased understanding of the mechanism of polarization reversal
in ferroelectrics, The investigation of nonlinear prqperties is
therefore restricted to experimental studies of nonlinear

coupling in Rochelle salt,

Crystal Preparation and Properties

In addition to the desireable properties of Rochelle salt

(room temperature ferroelectric range, avallability of large

‘single crystals, high anisotropy) there are several properties

which engender difficulty for an investigator. Rochelle salt is

hygroscopic, deliquescent, temperature sensitive, pressure sensi-
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tive, brittle, and subject to aging of the electrical and mechanis
cal properties. Samples must be prepared and handled with utmost
care and maintained in a near~ideal environment.,

All crystals used in this work were manufactured by
Clevite Corporation. Dimensions before cutting were 5 mm x 5 mm X
50 mm with the 50 mm dimension along the z axis, Both 0®~cut
(ferroelectric axis normal to two faces of the crystal) and 45°«
cut crystals were used, Crystals were sectioned perpendicular to
the z axis giving a finished length of about 22 mm, Before electrodes
were attached the erystal surfaces were polished with water, then
cleaned with distilled water or ethancl, Surfaces not to be covered
with electrodes were masked with high dielectric strength tape and
fine~grain silver conductive epoxy adhesive was spread on the
areas to be electroded, After setting of the adhesive, the tape
masks were removed, Electrode thicknesses were approximately 0.2
mma Damping due to electrode mass was not sufficlent to cause any
observable distortion of polarization hysteresis curves.

The crystals were mounted in a spring-clip holder which
fit in a temperature test chamber, The spring ¢iip pressure was
not sufficient to cause any observable distortion of polarization
hysteresis loops, The test chamber had a temperature range of
250?K to 315°K.cqntrollab1e by varying current input to the thermo-
electric cooler units, The test chamber temperature was measured
with a Chromel-Alumel thermocouple.

In spite of all efforts some crystal contacts were initial=
ly defective or became defective during the course of the investi-
gation. This was usually:cau$ed by corrosion between the surface

of the crystal and the contacts or the formation of condensate on

the crystal surface and the consequent loosening of the contacts.,
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Measurements on crystals with a thin layer of low=dielectric=
constant material between the contacts and the crystal surface
are virtually worthless because of the high dielectric constant
of Rochelle salt. For example, surface contamination of only
0,001 mm on a 10 mm crystal of Rochelle salt can cause the meag-
ured value of the ferroelectric=axis dielectric constant to be

in error by as much as 10 per cent (Cady, 1964a), In this work,
erystal contacts were consldered acceptable 1f the polarization
hysteresis loop taken parallel to the ferroelectric axils at 60 Hz
indicated that saturation polarization was reached with fields of
200 voltgs/cm or less, According to Mason's internal field theory
for Rochelle salt (1950b), the coercive field necessary to reverse
the polarization of a single domain is on the order of 100 volts/
em., The field strgngth.at closure of the hysteresis loop is

typically twice the coercive field, Saturation polarization as

used here, 1s the magnitude of the polarization at the poiﬁédéf
closure of the loop.,

Surface conduction due to the formation of Rochelle salt
solution at the surface of the crystal under bhumid conditions can
alter considerably the appearance of hysteresis curves, In such
cases leakage widens the loop and increases the value of the field
intensity at which saturation polarization appears to occur, The
Mueller modification (1935) of the circuit introduced by Sawyer
and Tower (1930) compensates for leakage by lncorporating a phase
control, A degeription of this circult is given in Appendix C,
However, for most measurements the leakage was held at levels
gufficiently low that this correction was not needed.,

Outside the ferroelectric range of Rochelle salt (255°K to

297°K) hysteresis disappears but a nonlinear P -~ E (polarization
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electric fileld intensity) relation exists for several degrees out=
side the upper and lower Curie points,

For small fields (less than 200 volts/cm) the static di-
electric constant exhibits a sharp maximum at the upper and lower
Curie peints and is almost constant over the range of 263°K to
283°K, The thermal conductivity of Rochelle salt is several times
lower than that of quartz (Cady, 1964a) and crystals are slow in
attaining thermal equilibrium., Repeatable measurements are
possible only if several hours have elapsed since a temperature
change. Because internal heating occurs during the course of an
experiment, the crystal temperature rises abcve that of the chamw
ber. Therefore, the chamber temperature was held in the range of
~5°C to 0°C, In this region the dielectric constant does not
vary rapidly with temperature and the d=¢ resistance is typically

109 ohms or greater.

Application of Ferroelectric Properties

An examination of dielectric hysteresils loops indicates
that a number of device concepts associated with square=loop
magnetic materials are applicaﬁle to ferroelectrics, Figure 7
is a eircuit diagram for one of the simplest dielectric ampli=-
fiers which can be constructed (Katz, 1959), 1In this amplifier
the control signal biases the ferroelectric sample to various
points of the hysteresis loop and thereby controls the impedance
which appears at the terminals of the a-c power source, In
addition to the difficulties assoclated with the material pro-
perties of ferroelectrics (large hysteresis losses, high coercive

forces, temperature sensitivity and aging) there 1s the problem
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Choke
A-C .
Nonlinear[” Control
Power @ Element M Source:
Source
M
A ¢
Blocking
Capacitor

Figure 7 - Basic Dielectric Amplifier
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of isolating the control source from the power source., In the
circuit of Figure 7 a blocking capacitor is necessary to prevent
shorting of the control source by the power source. The choke
prevents shorting of the nonlinear element by the control source.
The four~terminal crystal configurations of Chapter Il have

the property that ideal voltage sources at the input and output

are partially isolated by the crystal impedance. A major ob~-
Jjective of this experimental investigation is the development of
four-terminal crystal configurations with dielectric constants
controllable by the application of an external signal and provid=-

ing inherent isolation of the power sources.

Effects Of Electrical Biases

The application of a d=¢ voltage to a 0°=~cut crystal under
tést in a Sawyer~Tower circult was found by David (1935) to pro~
duce a shift in the origin of the hysteresis loop., David was
able to demonstrate the equivalence of mechanical and electrical
bias. A set of electrically biased hysteresis loops and the cir-
cuit with which they were measured are shown in Figures 8 and 9,
The parallel d=-c bias is the most direct method of control of the
dielectric constant and is the basis of operation of the dielectric

amplifier of Figure 7.

Biases On 0°~Cut Crystals

In this investigation the first four-terminal crystal
conflguration considered was 0°~cut with electrodes on the faces

perpendicular and parallel to the ferroelectric axis,
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P(O.1 . coul/cmasdiv)

E
OO volts /cm /div.

Bias Voltages:0,22.5,45.0,77.5,90.0,I112,and
|35 volts

Temperature: 7°C

Frequency: 60 H;

Figure 8- Biased Hysteresis Curves, X-Cut Rochelle
Salt.
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C.R.O. X-Axis
Input
- —e
470 Ka
Crystal
To6oR, . zz. C.R.O.Y-Axis
Source Bias BattL °
O-135V. T _——0.2ufd Input
Il I C.R.O.Ground
- || e
O.l ufd e

Figure 9 - Measurement Circuit for Curves of Fig.8.
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For a 0°=-cut crystal no anisotropilc coupling between fields

parallel and perpendicular to the ferroelectric axis is expected,
However, a ferroelectric interaction due to partial alignment of
ferroelectric domains by fields perpendicular to the ferroelectric
axis might be expected to distort hysteresls curves taken parallel
to the ferroelectric axis, Experimentally this effect is not

observed,

Biases On 45°~Cut Crystals

The full electrode and partial electrode U5°~cut crystals
of Figure 10 were the next configurations to be investigated,
Polarization hysteresis loops (these are glven as gq-v loops since
the specification of electrode area and spacing is ambiguous for
any but 0%~cut crystals) taken between various faces of a U5°-cut
crystal are shown in Figure 11, It was found that hysteresis
loops between A and D were in no way affected by loads or hiases
at terminals B and C, However, the application of a resistive
load to terminals B anc D was found to cause the appearance of.a
hysteresis curve between terminals A and C in contrast to the ab=-
sence of any marked nonlinearity in the unloaded measurement. The
hysteresis loops taken between terminals A and C were dependent on
both the resistive load and any bias voltage on terminals B and D,
A set of hysteresis loops for various loads and blases 1Is presented
in Figure 12 for the partial-electrode U45° configuration. The
effect of blas is similar for the full electrode configuration,

For the partial-electrode crystal the open~circult voltage

gain (both forward and reverse) at 60 Hz was within three per cent

of the maximum of 1,0, No distortion was observable at the output
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Terminals A and D

Q(3.3x10 8coul/div.)

V (100 volts/div.
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V (IOOVOHS/C“V;)

Figure |l1- Hysteresis Curves,45°-Cut Crystal




Taken Between Terminals
Aand C. | Meg 2 Load

On B-D, 90 Volts Bias.

Q2 9x10%oul/div)

V(10O volts/div)

Taken Between Terminals
A and C 9.4 Meg {2 Load

on B-D, 20 Volts Bias.

Q(2.9x10 % oul/div)

Vv (1O O volts /div)

Temperature: 5°C.
Frequency: 60O H,
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terminals.,

The full=-electrode crystal had lower gain than.the partial.
electrode crystal and considerable distortion was present in the
output waveform. Figure 13 éhows the voltages ﬁppearing between
various terminals of the crystal for a sinusoidal source voltage.

The fraction of a dec¢ bias voltage which appears at the in-
put terminals of a four-terminal crystal is dependent on the léad
across the input terminals, For a dielectric amplifier as shown
in Figure 7, this is the series resistance plus the internal im~
pedance of the power source. Figure 14 demonstrates the change
in d=¢ transfer ratio as the shunt impedance at the input ter~
minals changes, The resistances (shunted by 35 pF) are those
appearing at the input of an electrometer,

Figure 14 indicates that the bilas transfer ratio is insige
nificant for resistances customarily encountered in ﬁower sources,
Although such a low transfer ratio is desireable insofar as isola~
tion 1is concerned; the origin of this effect increases the prow
blems associated with the material properties of the crystal.
Reference to the polarization hysteresis curves indicates that the
presence of a resistive load at the bias terminals increases the
losses in the crystal, The removal of this loss component is not
possible since it 1s by the presence of a resistive load at the

bias terminals that Input—output coupling is achieved.

Device Applications At Low Frequencles

The biased hysteresis loops for the 45° configuration
demonstrated the possibility of construction of a dielectric ampli-

fier functioning on the same principle as the one shown in
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Figure 7. The circuit shown in Figure 15 was employed to test
this conclusion.

In the circuit of Figure 15, a particular choice of input
voltage, load resistance and frequency is determined by the fol-~
lowing considerations: the source voltage impressed on the
crystal must be sufficient to drive it into saturation; the Ima
pedance of the crystal must be of the same order of magnitude as
that of the series resistor since the crystal is to be a control
element; the power~gource frequency must be less than the lowest
resonant frequency of the crystal so that the ferroelectric non-
linearity is not obsucred by plezoelectric effects. The bias
resistor RB!was included to eliminate any effects attributable
to a change in impedance of the bias source as bias batteries.
were changed, Qurves of voltage across the load resistanqe as a
function of d=c¢ b;agvvoltage are given in Figure 16, For measure=-
ment purposes it was necessary to use an lsolated 500 Hz source.

Because there is a preferred direction of polarization
for these crystals the effects of positive (defined as being in
the direction of preferred polarization) and negative blas are not
identical, The application of a positive blas causes an increase
in the impedance of the crystal as it would in the case of a
symmetriéal hysteresis curve, but the application of a negative
blas causes an initial decrease in the crystal impedance and then
an increase as the crystal blas is inéreasedo The steady-~state
current flow from the bias source is so small that it may be
attributed to the conduction current flow through the crystal.,
For temperatures near 0°C the d-c resistance of the particular
criatals used was on the order of 109 ohms., Except for this con=-

duction current loss, the only input to the bilas terminals is that
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required to charge the capacitance appearing at the bias terminals

to the vpltage of the bias battery.

High~Frequency Applications

The extension of the operating range of ferroelectric
devices to high frequencies is limited by the increase in dielecw
tric loss with frequency increase and by the plezoelectric effect
always present in ferroelectric¢ crystals., The frequency dependence
of polarization hysteresis is $llustrated in Figure 17. These
hysteresis curves indicate the increased coercive forces and di-
electric losses which have limited the power-source and control-
source frequencles of dielectric amplifiers., The curves of Fig-
ure 17 were taken parallel to the ferroelectric axis of a 45°=cut
crystal. Polarization~hysteresis curves for 0°=cut crystals have
been.siyeniﬁf*ﬂablﬁtzéi:61939)a‘*Pbl&#ﬂ%ation hysteresis data for
45°wcut crystgls was limited to frequencles below 50KHz because
thé crystals melted before saturation polarization could be reach~
ed at higher frequencies.

The piezoelectric effect for flelds less than about 10
volts/cm or along crystalline axes exhibiting no polarizatioﬁ
hysteresis may be described by capacitance measurements, In.
Figure 18 the capacitance between terminals A and C of a crystal
cut as indicated in Figure 10 iz given, The inftense resonance
at 200 KHz and higher harmonics is found experimentally to pfo-
hibit control of the dielectric constant in the resonance regions,
When voltage greater than 30 volts rms were applied with fre- .
quencies slightly above or below the mechanlically resonant fre-

quency, an audio beat was coupled to the atmosphere demonstrating
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the electrical and mechanical interaction in the crystal, With
reference to Figure 18, a source frequency of 700 KHz was chosen

as beilng relatively free of piezoelectric effects, The crystal
properties were investigated using an\inductor‘in.series with the
crystal and series resonant with the crystal capacitance at 700 KHz,
This technique proves useful because the Q of the resonant circuit
effectively increases the gain of the configuration,

In dielectric amplifier configurations a choice must be
made as to the relative amplitudes of the control signal and the
power~gsource signal, One of these must be large enough to saturate
the nonlinear element., If, for example, the power-source saturates
the nonlinear element on each half cycle, the control signal then
determines what fraction of the polarization=hysteresis loop 1is
traversed, Alternatively, a power~source voltage much smaller
than that needed to saturate the nonlinear element may be used.,

In thils case the control signal détermines where on the major P=E
loop a minor P=E loop will be executed by the power=source signal,
For small=signal source operatlion the dielectric losses are deter-
mined by the frequency and amplitude of the larger control voltage.,
If the power source saturates the nonlinear element and low-level
control voltages are used, the dielectric losses are determined

by the frequency and amplitude of the power~source voltage, The
power=source frequency 1s always chosen to be greater than the
highest conirol-source frequency., Therefore the condition of low=
level power=-gsource signal gives the lowest dielectric loss, but
the high~level control signal then supplies dilelectric losses in
the crysftal,

The mode of operation of the series resonant configuration

shown in Figure 19 may be explained in terms of the biased
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Power Source: |.Ovolts peak-
700 KH3

? Control Source: 11O volts pedk-
500 Hz

Above Resonance

| V./div

2msec./div

At Resonance

Figure 20 - Modulation of the Power-Source Signal.
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Chapter 1V

DISCUSSION AND CONCLUSIONS

Linear Anisotropic Dielectrics

In Chapter II a technique for the analysis of fields in
linear anisotropic dielectrics was developed, Applications of
the technique are not so restricted as its origin would indicate.,
It is useful for the analysis of boundary-value problems describe
ed by equations reducible to Laplace's equation, In,addition‘to
anlsotroplc dielectrics, materials having anisotropic thermal or
electrical conductivities might be analyzed.

The use of analog fleld mapping 1s not an integral part
of the transformation process, The transformation to an isotropic
space changes the boundaries of an anisotropic medium but not the
terminal properties, Thus the terminal capacitances of an anisow-
tropy transformer are equal to those of the proper warped iso=~
tropic dielectric,

As a consequence of the existence of this transformation,
it is concluded that no linear anisotropic dielectric configura-
tion can achieve a voltage gain greater than unity by the mechan-

ism of anisotropic coupling,

(u6)
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Origin Of The Rochelle Salt Terminal Properties

The explanations of the functional mechanisms of the vari-
oug nonlinear crystal configurations studied in Chapter III are
incomplete, They are consistent with the experimental results
but give no indication of the internal mechanism producing the
observed terminal properties. Among the effecté to be explained
are: the appearance and digsappearance of polarization nonlinear-
ity as the 45° configuration was loaded and unloaded; the ab~
sence of polarization nonlinearify along axes 6n1y a few degrees
off the ferroelectric axis (partial-electrode 45°=cut crystal);
the relative magnitudes of the 0°-cut and 45°~cut saturation
polarization voltages; and the marked nonlinearity of the trans-
fer voltages of the full electrode 45° configuration., All of
these effects may be explained by extending Kanzig's statement
that "the polarization cannot deviate much from the ferrocelectric
axis." It will be assumed that no deviation of the polarization
from the ferrcelectric axis is possible, This implies that the
dielectric constant is not representable by a second=-rank tensor
but has a singularity in the direction of the ferroelectric axis,

The experimental results of Chapter 111 and the preceding
assumptions suggest, for oriented configurations, the model shown
in Figure 21. The linear capacitances are much smaller than the
nonlinear capacitances since the "average" ferrocelectric-axis di=
electric constant is typically three or more orders of magnitude
larger than the other dielectric constants, In the absence of a
connection between terminals B and D, only a small polarization

nonlinearity between terminals A and C would be expected. This is

because most of the applied voltage 1ls dropped across the linear
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Figure 21- The Nonlinear Equivalent Circuit.
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elements, With B shorted to D, the poliarization hysteresis loop
between A and C should have twice the saturation-polarization
voltage of-==and be similar in shape to==the polarization hysteresis
loop between A and D, These results are in agreement with the
hysteresis loops of Figure 1ll, The nonlinear voltage transfer
characteristics of the full-electrode U5® configuration are seen
to arise from the spacing variation of the electrodes A and D,
This variation results in different saturation polarization
voltages for various parts of the crystal, It should be noted
that the model is not applicable when the applied fields are along
the ferroelectric EXiSa The equivalent c¢ircuit is based on the
postulate of no internal field interaction for applied fields off
the ferroelectric axis, The effect of the mechanism of aniso-
tropic coupling on the terminal properties of Rochelle salt is.
negligible.,

The equivalent circult indicates that an oriented crystal
of Rochelle salt may be represented, for purposes of dielectric
amplificaﬁiona as a number of 0°=cut crystals, Thus oriented
configurations of Rochelle salt may be used interchangeably with
multiple=~terminal 0°~cut crystals for applications in dielectric

amplification.

Utiiity Of Multi-Terminal Elements

From the experimental and thecoretical results one must
conclude that devices using nonlinear anisotropic coupling in
Rochelle salt are not practicable, It should be emphasized that

this conclusion is valid only for Rochelle salt and the practica~-

bility of any oriented configuration is dependent on the mechanism
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of polarization reversal in the dielectric material, Unfortunate~

ly, little consideration has been given to the macroscopic con-

sequences of the mechanism of polarization reversal in ferroelec-

tric crystals, The concepﬁ of anisotropic coupling in multi-

terminal elements is, like all dielectric amplifier techniques,

a method in search of a materialq




APPENDIXES




Appendix A

SPATIAL TRANSFORM DERIVATION

It is desired to transform the elliptic differential

equation

32 ‘ 32.
aii2+ g! E?%Z = 0 (A1)

el1 ap %27 %

into an equation of the form

32 . aZ.
€ 2t ¢ 2 -
Z azl z 3z, 0 (A2)
Let
1
3 ) kl 0 Zq
x5 0 K| |2 (A3)
Then

1

3%¢ _ 1 3%
4 < 2

%0 kT vz,

(AL)

Combining (Al) and (A4) gives

L]

(52)
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B 32- - 32-
€11 ¢ + Egg v = 0
k% 3292 k,? 32,2 (A5)

The addifional condition required for the evaluation of the trans-

form matrix 1z that

dxi dxé = dzldza (A6)

which is equivalent to the restriction that

kk, = 1 (A7)

Both (A6) and (A7) express the requirement that transformation
(A3) be orthagonal, From (A5) and (A7)

fli S22 .
o2 2 A
™ Kk
and
7
¥
k. [ o
Therefore
¥ T
k, = (eil/eéz) » kyo= (e5y/el ), (A8)
and

1
€z = (ailcéz)z o (A9)
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Appendix B
THE PERMITTIVITY TRANSFORM

In Chapter II it was demonstrated that for a rotation of

coordinate axes the [e¢] transformation required is
-1
[ez] = [T] ~ (e*] [T] (Bl1)

where [T] is the coordinate transformation, That (Bl) is not the

required transformation may be seen by choosing

a
0 bl . (B2)

From (Bl) and (B2)

1
a2 0| fkt, 0] la o
[c,] = 11
‘ 1
0o © 0 eby| |0 B
[cZ] = [e*] , (B3)

Hence transformation (Bl) cannot be a valid [e&] transform since
the z space is required to be isotropic,

The correct transform is

(e, ] = (737" ('] (137, (Bl)

(54)




Appendix C

ANALYSIS QF THE SAWYER~TOWER CIRCUILT

The circuit shown in Figure 22 is Mueiler‘s modification
of a circuit iIntroduced by Sawer and Tower and 1s commonly used
for measurement of ferroelectric~hysteresis curves (Sawyer and
Tower, 1930), In this circuit 03 is chosen to be much larger
than the maximum capacltance of the crystal so that the impedance
of C3 is always much less than that of the ecrystal. The voltage

across 03 which drives the vertical amplifier of an oscilloscope

is given by
L A dD
V3=°6; fi dt”@ia?' dt

A(eQE,+ P) AP

R = T3 (c1)

V3
Approximation (Cl) is valid along the x axis of Rochelle salt
since P>> e¢gE, The voltage across C, which drives the horizontal
amplifier of anm oscilloscope 1s sinusoldal since the source vole
tage is sinusoidal, The resultant hysteresis loop 1s not a cor-
rect one because the voltage across the crystal is not sinusoidal,
This error is minimized, however, by insuring that the impedance
of C, 1s always much less than that of the crystal,

3
While not shown in the circuit diagram the d«c resistance

(55)
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Figure 22 — The Sawyer~Tower Circuit.
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of the crystal may be represented as a series resistance Rxa The

effect of phase control R, may best be analyzed by replacing the

1
crystal with a linear capacitance Cx in series with a linear

resistance Rx’ The voltage across C, is given by

VH.” V/JwCz
Rl +* l/JmCa (c2)
where
C1Co
Ca., = El'l' Cz F} (03)

The voltage across C3 is

= V/JuC
Yy g“f‘“ﬁm; (ch)

where

Cy = E“£?;E

X 3 ) (CS)

Equationg (C2) and (Cl4) may be rewritten in phasor notation as

tan"lwRCy
Ve

= s
1/
CZ(l + Wlezcaz’) »

Vy =

tan~luR, Cy

V. = Y;EQ el
g 20 20 21172
C3(1 = w?R 20, 2) 0 (cé)

. Since the linear capacitance which has been substituted for the

. crystal may e€xhibit no hysteresis,

R

lc'aa Rxcb . (e
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Substitution of Equations (C3) and (C5) gives

o RxCxC3(Cy + Ca) _ RyCy(Cy + Cp) |
1020 0x+C3) T1C2 (c8)

Ry

The ideal dielectric hysteresis loop should enclose an area
equal to the cyclic energy loss due to the nonlinear P ~ E re~
lation in the material, If all losses in addition to this were

répresentable by a constant series resistance the correct hystere-
sis curve could be obtained by saturating the sample and adjusting
Rl to give a straight line on the saturation portion of the hys-
teresis curve since Cx is constant on this portion of the curve,
This is what is done in practice but the resultant hysteresis curve
18 not exact because there is a voltage dependent component of Rx
which represents the vibrational losses In the crystal. Since

the vibrational losses vary with the driving voltage they cannot
be exactly compensated for by the phase resistor Rl, As long as
saturated hysteresis curves are belng sought, the inclusion of
these losses is tolerable since R, is adjusted by examining the
saturation portion of the hysteresis curve., For unsaturated
hysteresis curves no such reference is available and phase adjust-

ment i3 a matter of experience.
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